The antioxidant dihydrolipoic acid has been shown to reduce hypoxic and excitotoxic neuronal dam age in vitro. In the present study, we tested whether pre treatment with a-lipoic acid, which presumably allows endogenous formation of dihydrolipoic acid, can protect cultured neurons against injury caused by cyanide, gluta mate, or iron ions, using the trypan blue exclusion method to determine neuronal damage. One hour of pre incubation with dihydrolipoic acid (l ILM), but not with a-lipoic acid, reduced damage of neurons from chick em bryo telencephalon caused by I mM sodium cyanide or iron ions. a-Lipoic acid (l ILM) reduced cyanide-induced neuronal damage when added 24 h before hypoxia, and pretreatment with a-lipoic acid for >24 h enhanced this neuroprotective effect. Both the R-and the S-enantioa-Lipoic acid (thioctic acid; 1,2-dithiolane-3pentanoic acid) is a lipid-soluble substance of which the naturally occurring R-enantiomer acts as a co factor in three different mitochondrial dehydroge nase complexes (Ehrenthal and Prellwitz, 1986) . Several studies suggest that in addition to this cat alytic function, the a-lipoic acid/dihydrolipoic acid couple is involved in the thiol-dependent defense system of the cell against oxidative damage (Bast and Haenen, 1988; Scholich et al., 1989; Pruijn et al., 1991; Kagan et al., 1992) . The dithiol dihydro lipoic acid, the reduced form of a-lipoic acid, has been shown to possess antioxidant activity against
mer of a-lipoic acid exerted a similar neuroprotective effect. Pretreatment with a-lipoic acid (l ILM) from the day of plating onward prevented the degeneration of chick embryo telencephalic neurons that had been ex posed to Fe2+ IFe3+ . a-Lipoic acid (1 ILM) added to the culture medium the day of plating also reduced neuronal injury induced by I mM L-glutamate in rat hippocampal cultures, whereas 30 min of preincubation with a-lipoic acid failed to attenuate glutamate-induced neuronal dam age. Our results indicate that neuroprotection by pro longed pretreatment with a-lipoic acid is probably due to the radical scavenger properties of endogenously formed dihydrolipoic acid. Key Words: Cytotoxic hypoxia Dihydrolipoic acid-Glutamate-Lipoic acid-Neuro protection-Primary neuronal cultures. microsomal lipid peroxidation (Scholich et al., 1989) , to enhance the activity of other antioxidants such as ascorbate, glutathione, and a-tocopherol, and to interact directly with water-and lipid-soluble radicals (Bast and Haenen, 1988; Suzuki et al., 1991; Kagan et al., 1992) .
Free radical formation has been suggested to par ticipate broadly in the pathogenesis of tissue injury, including neuronal injury after cerebral ischemia (Flamm et al., 1978; Halliwell and Gutteridge, 1985; Braughler and Hall, 1989; Siesj6 et al., 1989) . In a previous study, we reported a neuroprotective ef fect of dihydrolipoic acid against hypoxic and exci totoxic neuronal damage in primary neuronal cell cultures and against ischemic brain damage in ro dents (Prehn et al., 1992) . Since a-lipoic acid is ob viously easily reduced to the potent antioxidant di hydrolipoic acid, the aim of this in vitro study was to investigate whether pretreatment with a-lipoic acid, which presumably allows endogenous forma tion of dihydrolipoic acid, can reduce hypoxic and glutamate-induced neuronal damage in primary neuronal cultures. ex-Lipoic acid has already been therapeutically used for the treatment of diseases in which free radical-mediated mechanisms are sug gested to be involved in the pathophysiological pro cess (e.g., peripheral neuropathies and liver cirrho sis) (Ehrenthal and Prellwitz, 1986) . To obtain more evidence for the radical scavenger properties of di hydrolipoic acid and ex-lipoic acid, we also exam ined their ability to block free radical-mediated neuronal injury induced by iron ions.
MATERIALS AND METHODS

Neuronal cultures
Primary neuronal cultures were prepared from 7-day old chick embryo telencephalon as described by Pett mann et a!.
(1 979). The cells were seeded into polY-L lysine-coated culture flasks (25 cm2) at a final density of 105 cells/cm2. Cultures were maintained in Dulbecco's Modified Eagle Medium (Gibco, Paisley, Scotland), sup plemented with 16.7% (vol/vol) heat-inactivated fetal calf serum (Serva Feinbiochemica, Heidelberg, Germany), 100 Ulml penicillin, and 100 fLg/ml streptomycin. After 3 days in culture, the medium was changed. Cultures were kept at 37°C in a humidified atmosphere of 5% CO 2 and 95% air. Up to 7 days in vitro, cultures obtained under these conditions are nearly pure neuronal populations (98% of the cells bind tetanus toxin and <0.1 % are glial cells (Pettmann et a!., 1979) .
Primary cultures containing both neuronal and glial cells were derived from the hippocampi of neonatal (PI) Fisher 344 rats. The hippocampi were dissected and in cubated for 15 min at 37°C in Leibovitz's s Ll5 medium supplemented with 1 mg/ml papain and 0.2 mg/ml bovine serum albumin. After gentle trituration with fire-polished pasteur pipettes in growth medium, a trypsin inhibitor solution (1 % in growth medium supplemented with 10 mg/ml bovine serum albumin) was layered under the cell suspension, and the tube was centrifuged at 600 rpm for 10 min. The cells were resuspended in growth medium [Eagle's Minimum Essential Medium (with Earle's salts, supplied glutamine-free; Gibco), supplemented with glu tamine (final concentration: 2 mM), 10% (voVvol) NU serum (Collaborative Research, Bedford, MA, U.S.A.), glucose (final concentration: 31 mM), sodium bicarbonate (final concentration: 26 mM), 20 U/ml penicillin, and 20 fLg/ml streptomycin] and seeded on POlY-L-lysine-coated 35-mm Petri dishes (2.5 x 105 cells/dish). Cultures were kept at 37°C in a humidified atmosphere of 5% CO 2 and 95% air. After 2 days in culture, nonneuronal cell division was halted by 1-2 days of exposure to 1 fLM cytosine arabinoside. The medium was changed every 3-4 days.
Hypoxic or iron-induced injury in chick telencephalic neurons
Cytotoxic hypoxia was induced according to the method of Ahlemeyer and Krieglstein (1 989) after 4 days in culture. Briefly, sodium cyanide was added to the cul ture medium to give a final concentration of 1 mM. After 30 min, the cyanide-containing medium was replaced by fresh medium. In some experiments, cultures were ex posed to sodium cyanide (1 mM) for a period of 2 h, because 30 min of incubation to cyanide sometimes pro duced only weak neurodegeneration. The normoxic cul tures always received sodium chloride (1 mM) instead of sodium cyanide. Three days after hypoxia, the percent age of neuronal damage was assessed by means of the trypan blue exclusion method. Cultures were incubated in 0.4% try pan blue, a dye excluded by healthy cells, for a period of 5 min. With a phase contrast microscope, stained and unstained neurons were counted in three ran domized subfieJds per flask, without knowledge of the history of cells being counted (i.e., whether the cells were treated with drugs and/or cyanide or not).
After 6 days in culture, neurons were damaged by add ing a combination of Fe2+ (20 fLM FeS04) and Fe3+ (20 fLM FeCI 3 ). Control cultures received vehicle only. Neu ronal damage was determined 24 h after the addition of Fe2 + /Fe3 + using the trypan blue exclusion method as described. For each experiment, we used sister cultures derived from a single plating.
Glutamate neurotoxicity in rat hippocampal cultures
Rat hippocampal neurons were damaged by L-gluta mate after 14 days in culture. L-Glutamate was added to the cultures to give a final concentration of 1 mM. After 30 min, the glutamate-containing medium was replaced by fresh medium. The percentage of damaged neurons was determined 18-20 h after glutamate exposure by means of the trypan blue exclusion method described.
For the experiments, we used sister cultures derived from a single plating.
Drugs and drug application
(X-Lipoic acid (raceme and enantiomers) and dihydroli poic acid were gifts from AST A Medica AG (Frankfurt, Germany). They were dissolved in 0.1 M Tris buffer (pH 8.5). Stock solutions (1: 100) of drugs and chemicals were always prepared immediately before use and added to the culture medium as aliquots of 50 (flasks) or 20 (Petri dishes) fLl. Following addition, the flasks or Petri dishes were gently swirled to ensure proper mixing.
Statistics
All data are given as means ± SD. For statistical com parison, one-way analysis of variance and subsequent Scheffe test were used. p values of <0.05 were consid ered to be significant.
RESULTS
Hypoxic injury in chick telencephalic neurons
Exposure of primary neuronal cultures to sodium cyanide (1 mM) for 0.5 or 2 h led to a higher per centage of damaged neurons in comparison with cy anide-free controls (�40-50% of damaged neurons vs. 20-30% in control cultures that had not been exposed to cyanide). The neuronal network of the hypoxic cultures was partly destroyed, and some neurons had already disintegrated or had detached from the substratum.
Hypoxic neuronal damage was attenuated by di hydrolipoic acid (0.1 and 1 flM), present in the cul ture medium from 1 h before and up to 24 h after hypoxia. The same treatment with a-lipoic acid (raceme) failed to reduce hypoxic neuronal damage ( Fig. 1 ). Also, lower (0.01 flM) or higher 00 flM) concentrations of a-lipoic acid did not afford neu roprotection (not illustrated). However, when a-li poic acid (1 flM, raceme) was added to the cultures 24 h before hypoxia, neuronal damage was reduced in comparison with cyanide-treated controls ( Fig.  2A) . Prolonged pretreatment with a-lipoic acid en hanced this neuroprotective effect ( Fig. 2A) .
Attenuation of hypoxic neuronal injury was achieved by pretreatment with R-( + )-a-lipoic acid as well as with S-( -)-a-lipoic acid (1 flM; Fig. 2B ), with the same dependency on the length of pretreat ment as found with the raceme. In case of 24 h of pretreatment, only S-( -)-a-lipoic acid (1 flM) sig nificantly reduced hypoxic neuronal damage, but there was no statistically significant difference be tween the enantiomers. Repetition of the experi ment with the enantiomers (24 and 48 h of pretreat ment) could not confirm the tendency to a more pronounced neuroprotective efficacy of S-( -)-a lipoic acid. 
Dihydrolipoic acid, present in the culture medium from 1 h before and up to 24 h after hypoxia, attenuated hypoxic damage of primary neuronal cultures from chick em bryo telencephalon, whereas the same treatment with a-li poic acid did not. After 4 days in vitro, cultures were exposed to 1 mM sodium cyanide for 0.5 h. The drugs were added to the cultures 1 h before the induction of cytotoxic hypoxia and remained in the culture medium up to 24 h afterward. Three days after hypoxia, the percentage of damaged neu rons was determined using the trypan blue exclusion method. The values are given as means ± SD from n = 4-6 experiments. Different from cyanide-treated controls: *p < 0.05, **p < 0.01 (analysis of variance and subsequent Scheffe test). generation after 24 h. Phase contrast microscopy revealed that the neuronal network of F e2 + IF e3 +treated control cultures was widely destroyed, and many neurons disintegrated leaving debris or were detached from the substratum (Fig. 3A) . Neuronal injury induced by Fe2+ IFe3+ was re duced by dihydrolipoic acid (1 flM) added to the culture medium 1 h before exposure to iron ions (Fig. 4A) . The same treatment with a-lipoic acid (raceme) or the N-methyl-D-aspartate (NMDA) an tagonist dizocilpine did not attenuate Fe2 + IFe3 +induced neuronal damage (Fig. 4A ). However, when a-lipoic acid (raceme) was added to the cul tures at the time of plating and was then present in the culture medium up until the evaluation of neu ronal injury, we found a concentration-dependent decrease in neuronal damage in comparison with Fe2+ IFe3+ -treated controls (Fig. 4B ). Fe2+ IFe3+ exposed cultures that had been treated with 1 J.LM a-lipoic acid (raceme) since the time of plating also showed a well preserved morphology (Fig. 3B ).
Glutamate neurotoxicity in rat hippocampal cultures
Exposure of 14-day-old rat hippocampal cultures to 1 mM L-glutamate for 30 min was followed by severe neuronal degeneration over the next day. Addition of a-lipoic acid (l J.LM, raceme) 2 h after plating and after every medium replacement pro tected hippocampal neurons against glutamate induced neuronal damage (8.0 ± 4.3% of damaged neurons in cultures treated with a-lipoic acid vs. 90.6 ± 1.5% in glutamate-treated controls; p < 0.001), whereas pretreatment with a-lipoic acid starting 30 min before the addition of glutamate did not attenuate glutamate-induced neuronal injury at concentrations of 0.1-100 J.LM (Table 1) .
DISCUSSION
Hypoxic damage of cultured chick embryo telen cephalic neurons was reduced by 1 h of preincuba- tion with dihydrolipoic acid, whereas the same treatment with a-lipoic acid failed to attenuate neu ronal injury. In a previous study, measurement of the protein and A TP content of these cultures showed that only dihydrolipoic acid, but not a-li poic acid, was capable of protecting these neurons against hypoxic injury when added to the culture medium 30 min before intoxication (Prehn et al., 1992) . The present study demonstrates a neuropro tective effect of a-lipoic acid against hypoxic injury when the neurons were pretreated with a-lipoic acid J Cereb Blood Flow Metab, Vol. IS, No.4, 1995 for at least 24 h. Furthermore, pretreatment with a-lipoic acid (1 I-LM) from the time of plating onward protected these cultures against Fe2 + IFe3 + -induced neuronal injury. Since the chick embryo telenceph alic cultures used in these experiments are nearly pure neuronal populations, our observations sug gest that neuroprotection by dihydrolipoic acid and a-lipoic acid is mediated via direct action on neu rons. The neuroprotective efficacy of long-term pretreatment with a-lipoic acid was confirmed in rat hippocampal cultures containing both neuronal and glial cells. In this culture system, pretreatment with a-lipoic acid since the day of plating, but not 30 min of preincubation with a-lipoic acid, reduced excito toxic neuronal injury induced by 1 mM L-glutamate. The reduced form of a-lipoic acid, dihydrolipoic acid, is known to be a potent antioxidant (Scholich et aI., 1989; Suzuki et al., 199 1, 1993; Kagan et al., 1992) . As for a-lipoic acid, the reported results on its antioxidant efficiency are controversial. Suzuki et al. (1991) suggested that both dihydrolipoic acid and a-lipoic acid possess antioxidant properties, as they found that both substances eliminated hy droxyl radicals. However, hydroxyl radicals can re act with most organic compounds, and in vitro stud ies with membranes have demonstrated that only the reduced (but not the oxidized) form of a-lipoic acid exerts antioxidant activity. Dihydrolipoic acid (but not a-lipoic acid) has been shown to be an ef ficient direct scavenger of peroxyl radicals, which play a crucial role in the process of lipid peroxida tion, and of as corby I radicals of vitamin C (Kagan et al., 1992) . Furthermore, Kagan et al. (1992) demon strated that in both liposomes and microsomes, di hydrolipoic acid (but not a-lipoic acid) was able to synergistically enhance the ascorbate-driven reduc tion of chromanoxyl radicals and recycling of vita min E. Thus, dihydrolipoic acid may act as a strong After 14 days in culture, neurons were damaged by adding I mM L-glutamate for 30 min. a-Lipoic acid (raceme) was present in the culture medium 30 min before and up to 20 h after gluta mate intoxication, when the percentage of damaged neurons was assessed by means of the try pan blue exclusion method.
Values are given as means ± SD from n = 5 experiments.
direct chain-breaking antioxidant and may enhance the antioxidant potency of other antioxidants such as ascorbate or vitamin E. Our hypothesis was that pretreatment with a-lipoic acid, which presumably allows endogenous reduction to the potent anti oxidant dihydrolipoic acid, could attenuate forms of neurotoxicity in which free radical-mediated mechanisms are suggested to be involved, and indeed our observations provide support for this idea.
We demonstrated that 24 h of pretreatment with a-lipoic acid protected primary neuronal cultures against hypoxic neuronal injury. The neuroprotec tive effect was more pronounced with an increasing period of pretreatment. Pretreatment of primary rat hippocampal cultures with a-lipoic acid from the day of plating onward prevented glutamate neuro toxicity, in which free radical formation is also con sidered to play an important role. Finally, this hy pothesis was supported by the neuroprotective ef ficacy of long-term pretreatment with a-lipoic acid against free radical-mediated neuronal injury in duced by iron ions, which are expected to enhance both hydroxyl radical formation and lipid peroxida tion (Aust et aI., 1985; Halliwell and Gutteridge, 1990) . Our results suggest that neuroprotection by pretreatment with a-lipoic acid is at least in part due to antioxidant mechanisms, which could be ex plained by endogenous reduction of a-lipoic acid to the potent antioxidant dihydrolipoic acid. Our re sults are in accordance with the findings of Packer (1992) who reported that brain homogenates from rats fed with a-lipoic acid showed an increased re sistance to in vitro induced lipid peroxidation and that with an increasing period of dietary supplemen tation of a-lipoic acid to the animals, this effect was more pronounced.
Free radicals are considered to play an important role in the final injury cascades directly responsible for neuronal degeneration after excitotoxic/hypoxic injury (Choi, 1990) . The increased influx of extra cellular Ca2+ and the subsequent increase of intra cellular Ca2+ may activate enzymes involved in free radical generation, like phospholipase A 2 and xanthine oxidase. Recently, an NMDA-dependent superoxide production due in part to the release of arachidonic acid has been demonstrated in cultured cerebellar granule cells by electron paramagnetic resonance spectroscopy (Lafon-Cazal et aI., 1993) . Increased formation of nitric oxide, which can react with superoxide anions to form peroxynitrite, may also play a role in excitotoxic neuronal injury (Daw son et aI., 1991; Lipton et aI., 1993) . Furthermore, free radicals may also be involved in earlier stages of neurotoxicity, as they have been shown to en-hance the release of glutamate from rat hippocam pal slices independent of cell lysis (Pellegrini Giampietro et aI., 1988) . Free radicals are consid ered to cause lipid peroxidation as well as oxidative damage of proteins and nucleic acids, leading to an increased membrane and enzymatic dysfunction and thus contributing to neuronal damage. Strong evidence for the involvement of free radical mediated mechanisms in hypoxic/excitotoxic neu ronal injury is the fact that various antioxidants have been shown to protect cultured neurons against these forms of injury (Majewska and Bell, 1990; Monyer et aI., 1990; Prehn et aI., 1992; Sato et al., 1993) . In the model of cytotoxic hypoxia used in this study, we already found a neuroprotective ef fect of dimethylthiourea (Prehn et aI., 1992) , the 21-aminosteroid U74500A, and the 2-methylami nochroman U83836E (U. Muller and J. Krieglstein, unpublished) , which are all known to have antioxi dant activity.
Reduction of a-lipoic acid to dihydrolipoic acid can be catalyzed by lipoamide dehydrogenase. If the neuroprotective efficacy of pretreatment with a-lipoic acid demonstrated in our study were based on an enzymatic conversion, an enantioselective ef fect of pretreatment with R-( + )-and S-( -)-a-lipoic acid would be conceivable. However, our data did not give any evidence for an enantioselective neu roprotective potency of a-lipoic acid. Murase et al. (1993) recently demonstrated a stimulating effect of a-lipoic acid on the synthesis of nerve growth factor (NGF) in cultured mouse as troglial cells. This effect was seen only in case of several hours of pretreatment with a-lipoic acid and enhanced by prolonged preincubation. However, as induction of NGF synthesis by a-lipoic acid has not been reported for neuronal cultures, further inves tigations are needed to evaluate if NGF may play a role in the observed neuroprotection.
In the models of hypoxic and excitotoxic neuro nal injury used in this study, NMDA antagonists have been shown to reduce neurotoxicity. Thus, a-lipoic acid might also exert its action by attenu ating NMDA receptor overstimulation. Tang and Aizenman (1993) reported a direct action of a-lipoic acid on the NMDA receptor in cultured rat cortical neurons. They found that the potentiation of NMDA-evoked whole-cell and single-channel re sponses produced by the reducing agent dithiothrei tol were reversed by 1 mM a-lipoic acid within a I-min period of incubation. The authors suggested that a-lipoic acid suppressed NMDA-induced re sponses by oxidizing a redox modulatory site within the NMDA receptor. However, an attenuation of NMDA-evoked responses was demonstrated only for a concentration of 1 mM a-lipoic acid, whereas we tested the neuroprotective activity of pretreat ment with a-lipoic acid using micromolar concen trations. In addition, the direct action of a-lipoic acid on the NMDA receptor within a I-min period of incubation does not explain why short preincu bation with a-lipoic acid failed to attenuate neuro nal injury in our experiments. As for dihydrolipoic acid, Tang and Aizenman (1993) reported an en hancement of NMDA-evoked whole-cell currents, which seems to be inconsistent with the neuropro tective effect of dihydrolipoic acid demonstrated in vitro and in vivo (Prehn et aI., 1992) . Therefore, it can be assumed that a direct action of a-lipoic acid and dihydrolipoic acid on the NMDA receptor is unlikely to be of any significance for our observa tions.
In conclusion, we demonstrated that pretreat ment with a-lipoic acid for at least 24 h reduced neuronal damage caused by cyanide, glutamate, or iron ions in primary neuronal cultures. Our data indicate that this neuroprotection is at least in part due to antioxidant mechanisms. Our results suggest that a-lipoic acid could have potential therapeutic use in protecting brain tissue against ischemic dam age.
